Historically, it has often been asserted that most stars form in compact clusters. In this scenario, present-day gravitationally-unbound OB associations are the result of the expansion of initially gravitationally-bound star clusters. However, this paradigm is inconsistent with recent results, both theoretical and observational, that instead favour a hierarchical picture of star formation in which stars are formed across a continuous distribution of gas densities and most OB associations never were bound clusters. Instead they are formed in-situ as the lowdensity side of this distribution, rather than as the remnants of expanding clusters. We utilise the second Gaia data release to quantify the degree to which OB associations are undergoing expansion and, therefore, whether OB associations are the product of expanding clusters, or whether they were born in-situ, as the large-scale, globally-unbound associations that we see today. We find that the observed kinematic properties of associations are consistent with highly substructured velocity fields and additionally require some degree of localised expansion from sub-clusters within the association. While most present-day OB associations do exhibit low levels of expansion, there is no significant correlation between radial velocity and radius. Therefore, the large-scale structure of associations is not set by the expansion of clusters, rather it is a relic of the molecular gas cloud from which the association was formed. This finding is inconsistent with a monolithic model of association formation and instead favours a hierarchical model, in which OB associations form in-situ, following the fractal structure of the gas from which they form.
INTRODUCTION
It is widely accepted that most stars (70-90%) form in groups of at least 35 stars with densities > 1 M pc −3 (Lada & Lada 2003) . Historically, this result has often been used to assert that most (if not all) stars form in gravitationally-bound clusters. In this monolithic formation scenario, the currently graviationally-unbound nearby OB associations (e.g. Mel'nik & Dambis 2017) must have been significantly more compact, either as a single cluster (singularly monolithic) or multiple clusters (multiply monolithic), at the time of their formation and must have subsequently expanded into the configurations we see today (e.g. Lada & Lada 1991; Brown et al. 1997; Kroupa et al. 2001) . The most commonly invoked mechanism for this process is the expulsion of residual gas from embedded clusters through stellar feedback, rendering the clusters supervirial (e.g. Hills 1980; Goodwin & Bastian 2006; Baumgardt & Kroupa 2007) . This monolithic view of star formation seems somewhat contradictory to observations of present day star formation E-mail: ward@uni-heidelberg. de (JLW) proceeding in a wide range of environments including large-scale hierarchical structures and isolated YSOs (e.g. Gomez et al. 1993; Allen et al. 2007; Gutermuth et al. 2008; Evans et al. 2009; Lamb et al. 2010) .
The effectiveness of gas-expulsion as a mechanism for cluster disruption has been called into question by recent numerical work Girichidis et al. 2012; Dale et al. 2015) . These studies are supported by recent observations that suggest that proto-clusters in W51 are evolving towards a state of gasexhaustion rather than gas-expulsion (Ginsburg et al. 2016 ). Moreover, observations of young massive cluster (YMC) progenitors have concluded that the cluster mass must become more centrally concentrated than the gas reservoirs from which they form (Walker et al. 2015 (Walker et al. , 2016 , see also the review of Longmore et al. 2014) , again suggesting that gas-exhaustion has a greater impact on the dynamical evolution of young clusters than gas-expulsion. Detailed models of the early evolution of embedded clusters by Sills et al. (2018) find that gas does not have a significant effect on the motions of stars in the earliest stages of cluster evolution. However, these models do not include stellar feedback, so they are unable to assess the effectiveness of feedback-driven gas expulsion.
In Ward & Kruijssen (2018) , we used the Tycho-Gaia Astrometric Solution (TGAS) to determine four kinematic properties of 18 nearby OB associations in order to measure the extent to which they are currently expanding and therefore judge whether or not they could have been produced by the monolithic model of star formation outlined above. We found that none of the associations exhibited any significant evidence of an expanding velocity field and that the bulk kinematic properties of the sample are far more consistent with randomised velocity fields than expanding ones. Importantly, we also found that low levels of apparent expansion, in the form of radial velocities of a few km s −1 can easily be reproduced by a randomised velocity field where positional sub-structure is present.
Recent analyses of the dynamics of OB associations have yielded similar results. The detailed investigation into the origin and evolution of the OB association Cygnus OB2 by Wright et al. (2014 Wright et al. ( , 2015 Wright et al. ( , 2016 found no evidence of a violent relaxation event and instead found that Cygnus OB2 was likely always an association and has not undergone significant dynamical evolution. Similarly, Wright & Mamajek (2018) used the first Gaia data release to show that the Sco-Cen OB association was most likely formed in a highly substructured state with multiple small-scale star formation events rather than a single, monolithic burst of star formation. Another study of 18 nearby OB associations (although different associations to those analysed in Ward & Kruijssen 2018) , using the first Gaia data release found little evidence of systematic expansion of OB associations (Mel'nik & Dambis 2017) . Cantat-Gaudin et al. (2018) find that, while the Vela OB2 association is expanding, the expanding stellar distribution suggests that this expansion began before the stars in Vela OB2 were formed, probably the result of a supernova. Vela OB2 is therefore a clear example of an OB association that was formed globally unbound but still exhibits signs of expansion. For a review of unbound young stellar systems see Gouliermis (2018) .
In this second paper, we extend our original study to the second Gaia data release (Gaia-DR2). We apply a clustering algorithm in order to self-consistently identify nearby (distance < 4 kpc) OB associations and their members. We then quantify the same kinematic properties as investigated in Ward & Kruijssen (2018) (see Section 3), along with an additional, powerful diagnostic: the relation between radial velocity and radius. In the next Section, we outline the catalogues used to carry out this study and the application of a clustering algorithm to identify OB associations and their members. We then quantify the kinematic properties of the selected OB associations in Section 3 and in Section 4 we introduce new models in order to reproduce the observed properties of OB associations.. We then discuss the implications of this work, alongside a discussion of the caveats of our work, in Section 5. Finally, we summarise our results and the outlook for future studies in Section 6.
SAMPLE SELECTION, DATA REDUCTION AND MODEL DISTRIBUTIONS
The second Gaia data release (Gaia-DR2) represents the first fiveparameter (positions in the plane of the sky, parallaxes, and proper motions) data release produced using data exclusively from the Gaia mission. As such, it is the largest and most precise all-sky astrometric survey to date. While the Tycho-Gaia Astrometric So-lution (TGAS, Gaia Collaboration et al. 2016; Michalik et al. 2015) contains around 2 million stars with five-parameter solutions, Gaia-DR2 contains over 1.3 billion (Gaia Collaboration et al. 2018; Lindegren et al. 2018) . We cross-reference the Gaia-DR2 catalogue with the Galactic OB star catalogue (GALOBSTARS; Reed 2003 Reed , 2005 . This is the largest all-sky catalogue of OB type stars, adding ∼5500 objects to the Case-Hamburg Galactic Plane Luminous Stars surveys (Hardorp et al. 1959 (Hardorp et al. , 1964 (Hardorp et al. , 1965 Nassau & Stephenson 1963; Nassau et al. 1965; Stock et al. 1960; Stephenson & Sanduleak 1971) , yielding a total of over 16000 known and high-probability OB-star candidates (Reed 2003) . Main sequence stars are selected as OBtype stars if they exhibit a spectrum or UBV-based photometrically determined Q−value consistent with that of spectral type B2V or earlier. For more luminous (I-IV) classifications, spectral types are accepted as late as B9 and the Q−value limit imposed is consistent with supergiants of type B6.
Selecting OB stars in Gaia-DR2
First we cross-match 1 the GALOBSTARS catalogue with the Gaia-DR2 catalogue in RA and Dec by selecting the all matches within a 5 arcsec radius of the coordinates reported in the GALOBSTARS catalogue. We then compare the V-band magnitudes from the GA-LOBSTARS catalogue with the g-band magnitudes from the Gaia-DR2 catalogue. Any stars exhibiting a variation of more than 1 mag between the two catalogues are removed from the sample, as are any stars that are missing one or both measurements. This helps to ensure that the stars selected as OB stars in the Gaia-DR2 catalogue are indeed the same stars that appear in the GALOBSTARS catalogue. The distribution of the selected OB stars with respect to the Sun is shown in Fig. 1 . This is shown in the Cartesian coordinate space used in the following section to select probable OB associations.
Distances are obtained for each selected OB-type star from the catalogue of distances of Bailer-Jones et al. (2018) . This catalogue contains distances towards 1.33 billion stars inferred from the parallaxes published in Gaia-DR2 using a weak distance prior that varies smoothly as a function of Galactic longitude and latitude. While more precise distance estimates are possible using auxiliary data, this catalogue provides the best distances available independent of assumptions of interstellar extinction and stellar properties, and is therefore the most appropriate determination of distances to apply to an all-sky study.
Identifying OB associations in DR2
Following the selection of OB stars within the Gaia-DR2 catalogue, we apply a clustering algorithm to assist in selecting likely OB associations, identified as over-densities in 5-dimensional position-velocity space.
In order to robustly apply a clustering algorithm, the dimensions over which the algorithm is run must be equivalent. Taking the example of standard astrometric coordinate systems of RA, Dec, and parallax, blindly applying a clustering algorithm will always produce a biased result due to the anisotropic nature of parallaxes and positions in the plane of the sky. In order to carry out Figure 1. Distribution of cross-matched OB-type stars relative to the Sun. Note that the apparent elongation of the associations in the radial direction is primarily due to the uncertainty in parallax towards those stars. Here the definition of the axes X,Y, and Z axes is an arbitrary choice without bearing on the subsequent analysis an unbiased selection, an isotropic metric is required. The obvious choice is therefore to transform the data from RA, Dec and parallax into a 3-dimensional Cartesian coordinate space in which the unit vectors in each of the three coordinates are equivalent. A similar non-equivalence is present between position and velocity spaces, ruling out an unbiased, simultaneous application of a clustering algorithm on a mixed position-velocity coordinate system. We therefore opt to remap our sample of OB stars into a Cartesian coordinate system from the spherical coordinate system of RA, Dec and distance. As the orientation of the Cartesian space is an arbitrary decision, we use the simplest possible conversion from the spherical coordinate system:
By transforming the positions on the sky of a large population of OB stars into a Cartesian coordinate system, we are able to employ a clustering algorithm to identify OB associations using the state-of-the-art astrometric data that Gaia provides. In this way, our study is insensitive to an over-reliance on previously obtained association catalogues and traditional definitions of OB associations. We can then independently select over-densities of OB stars in an automated way. The selection function is therefore only dependent on the two catalogues used (Gaia-DR2 and GALOBSTARS), and the cluster identification algorithm implemented. The initial identification of over-densities of OB stars does not take velocity structure into account. We make the assumption that, due to the inherent youth of massive stars, OB stars that are clustered in position space were likely formed in the same environment. However, the velocity structure is taken into account when identifying members of each association later in this section.
To identify over-densities of OB associations, we use the OPTICS (Ordering Points To Identify the Clustering Structure) algorithm (Ankerst et al. 1999) . OPTICS is a density-based cluster-ordering algorithm, producing an augmented ordering of the database representing its density-based structure. OPTICS reorders a database, storing a 'reachability-distance' for each entry in the database. The reachability distance is defined as the shortest distance such that the point is directly density-reachable from another point if that second point neighbours at least some minimum number of neighbours (N min ) within some maximum distance ( ). The reachability of some point p with respect to another point o is defined as:
where N (o) is the neighbourhood of o containing all points within the maximum distance ( ) of point o. The core distance, d core for a point o is defined as:
where d minpt (o) is the smallest distance between o and a neighbouring point such that o would be a core object with respect to if the neighbour lies within the neighbourhood N (o). A point is defined as a core object if it meets the condition that the number of points within the distance is greater than the minimum number of points required, i.e. |N (o)| > N min . Rather than directly identifying clusters, OPTICS creates an augmented ordering of clustered data representing its density-based clustering structure, in which points are ordered such that each point falls between its closest neighbours in the coordinate system to which the algorithm is applied. Clustered structures can then be extracted from the resulting ordered database, represented by troughs in the reachability diagram shown in Fig. 2 . Clusters appear as troughs in the reachability diagram because an overdensity in positional space implies a shorter reachability distance for stars within the overdensity. The key advantage of OPTICS over other clustering algorithms such as DBSCAN is its insensitivity to varying levels of noise and background densities, making OPTICS uniquely well-suited to all-sky applications amongst clustering algorithms. The OPTICS algorithm has rarely been previously applied to astronomical problems although where it has been applied it has proved to be a useful means of identifying clustered structure (e.g. Sans Fuentes et al. 2017) .
We apply the OPTICS clustering algorithm in an iterative fashion, selecting over-densities with a minimum of five stars, in order to take into account any hierarchical structure with the aim Figure 2 . Reachability plot for the initial implementation of the OPTICS clustering algorithm using a maximum reachability distance of 100 pc and a minimum number of points of 5. The reachability distance is effectively the smallest distance such that a star can be reached by a core object. An object can be considered a core object if a minimum number of stars lie within a specified distance from that object. The stars are arranged such that each point neighbours its closest stars spatially. The clustered structures are represented by troughs in this reachability diagram.
of identifying the smallest scale over-densities. This is so that we identify the most cluster-like groups that are likely to exhibit expanding velocity fields if formed through the monolithic model as described in Seciton 1. This iterative application of OPTICS is carried out by initially running OPTICS with a maximum reach length of =100 pc and decreasing in subsequent iterations. The results of the initial OPTICS application are visualised in the reachability plot shown in Fig. 2 . This reachability plot shows the reachability distance for every star, ordered by the OPTICS algorithm. Overdensities in stellar populations are represented by the troughs in the reachability diagram. Those over-densities consisting of fewer than 10 stars are rejected.
These initially selected over-densities are subsequently used as input catalogues for the next iterations of the OPTICS algorithm, reducing the maximum reach length to = 90 pc. If no new over-densities with at least 10 stars are found, then the parent level overdensity is selected as an association. Otherwise, the new overdensities are added to the list of OPTICS input files. This process is then repeated, reducing the maximum reach leangth by 10 pc for each cycle untill a final run using a maximum reach length of =10 pc. This process has resulted in the identification of 110 potential OB associations.
Having identified 110 potential OB associations in Cartesian space, we must identify additional, lower mass members of the associations. In order to do this, we obtain data for all stars within the vicinity of the associations in RA, Dec, parallax space from the Gaia-DR2 archive. One association (assoc. 90, Sco-Cen) is removed from the sample as this association extends over a large region of the sky and is known to host multiple, kinematically distinct populations (Wright & Mamajek 2018) , and cannot necessarily be considered as a single association. We then determine a maximum distance between one OB star and its nearest neighbouring OBtype star in the plane of the sky and remove any stars that do not fall within this distance from the sample. We then repeat this process in parallax space, removing those stars that are further in parallax space than this distance from an OB star. We then compute the most likely distances for the remaining sample and use those to place all stars into a 5-dimensional Cartesian position-velocity co-ordinate space. We remove the most extreme outliers (v > 3σ v in either velocity dimension) from the sample of OB-type stars in velocity space. Then we calculate the maximum distance between any OB star and its nearest neighbour in both positional space and velocity space (separately) and remove any stars that do not lie within this maximum distance of an OB-type star. We therefore select only those stars that can reasonably be associated with the grouping of OB stars selected by the clustering algorithm based on their positions and velocities.
Properties of observed OB associations
We measure the spatial dispersions in the plane of the sky and along the line of sight, as well as the velocity dispersions in the plane of the sky for each of the associations in our sample. These measurements are presented in Table A1 . The left-hand panel of Fig.  3 shows the three dispersions in position space as a function of distance. While there is a slight tendency for the associations at greater distances to exhibit higher dispersions, the correlation is extremely weak. This is an indication that the dispersion measurements in positional space presented in Table A1 are not dominated by the uncertainty in parallax, as such an effect would manifest in higher dispersions at greater distances (smaller parallaxes). Note, that towards some of the more distant associations, the dispersions in distance become significantly larger than in the plane of the sky, suggesting that a number of associations may be unresolved along the line of sight. However, the majority of the kinematic diagnostics used in this work (See Section 4) are independent of distance so this does not represent a significant concern.
In the right-hand panel of Fig. 3 , we show the two-dimensional velocity dispersion in the plane of the sky normalised by √ 2 versus the radius (defined as R = σ 2 X + σ 2 Y ) of each association for the entire sample. Alongside these data, are the line-of-sight velocity dispersion versus radius for molecular clouds in the Milky Way (Heyer et al. 2009 ), nearby dwarf galaxies (Bolatto et al. 2008) , and the Antennae galaxies Wei et al. (2012) . The scatter in the data is large and a number of observed stellar structures fall at higher The median size of the associations is σ ≈ 50 pc. Right: The two-dimensional velocity dispersion in the plane of the sky normalised by √ 2 versus the radius for all OB associations. Also shown are the line-of-sight velocity dispersion versus radius data for Galactic molecular clouds analysed by Heyer et al. (2009) in green, molecular clouds in nearby galaxies from Bolatto et al. (2008) in blue, and molecular clouds in the Antennae galaxies from Wei et al. (2012) in cyan. The linear Thiel-Sen (Sen 1968 ) regression fit to the OB associations is shown in the solid black line with the fits to the molecular clouds and the combined data set of OB associations and molecular clouds shown in the dotted and dashed lines, respectively. velocity dispersions than the observed sample of molecular clouds. However, for the most part they follow a similar relation.
We fit a Theil-Sen estimator regression to the data as this is considerably less sensitive to the presence of outliers when compared to least-squares-based fitting methods (Sen 1968; Rousseeuw & Leroy 1987) . Fitting a Thiel-Sen regression to the velocity dispersion versus the radius of each association, we determine the following relations when fitting to the OB associations only, the molecular clouds only, and the combined data set of OB associations and molecular clouds:
The slope fitted to the OB associations without the inclusion of molecular clouds differs significantly from the molecular cloud fit. However, the scatter in both samples is large and for the most part, the OB associations fall within the scatter of the the molecular cloud sample. The difference in slope is largely due to a small number of associations with low radii but high velocity dispersions. In comparison, the addition of the associations to the molecular cloud data has a somewhat minor effect on the overall gradient of the relation. While the scatter is significant, the slope of the fit to the OB associations is similar to the slope of the size-linewidth relation of Larson (1981) of 0.38 and the slope of 0.39 determined for the substructures of Cyg OB2 and Car OB1 by Lim et al. (2019) . Lim et al. (2019) suggest that the closeness of OB associations to the size-linewidth relation derived for molecular clouds is an indication that star formation across gravitationally-unbound turbulent clouds may be a better explanation for the formation of OB associations rather than the expansion of clusters. However, given the large degree of scatter in Figure 3 , we are unable to draw any substantial conclusions regarding the origin of OB associations from this relation alone.
Model distributions
In order to quantify the degree to which the observed associations are consistent with expanding velocity distributions, we produce six sets of model associations representing random velocity fields, and expanding profiles from both a single point and multiple points. These model associations are generated based on the properties of the observed associations, but we change elements of their positionvelocity structure to enable an interpretation of the properties of the observed associations. The production of these model associations is described in detail in Ward & Kruijssen (2018) and the six model cases are briefly summarised here:
(i) Observed stellar positions and observed absolute velocities with random directions of motion (case I).
(ii) Observed stellar positions and observed absolute velocities where 1/3 of the stars are guaranteed to have positive radial velocities with respect to the mean position and velocity of the N nearest neighbours, introducing a net expansion (case II).
(iii) Observed stellar positions and observed absolute velocities where 1/3 of the stars are guaranteed to have positive radial velocities and dominant radial motions with respect to the mean position and velocity of the N nearest neighbours, introducing both a local net expansion and local radial anisotropy (case III).
(iv) Random stellar positions and velocities drawn from a fourdimensional Gaussian distribution with dispersions matched to those of each observed association (case IV).
(v) Random stellar positions and velocities drawn from a fourdimensional Gaussian distribution with dispersions matched to those of each observed association, where 1/3 of the stars are guaranteed to have positive radial velocities, introducing a net expansion (case V).
(vi) Random stellar positions and velocities drawn from a fourdimensional Gaussian with dispersions matched to those of each observed association, distribution where 1/3 of the stars are guaranteed to have positive radial velocities and dominant radial motions, introducing both a global net expansion and radial anisotropy (case VI).
These models are been re-generated for the Gaia-DR2 data. The case I, II, and III models use the stellar positions and velocity magnitudes of the new DR2 sample. For the case II and case III models, the standard number of nearest neighbours used has been increased from N = 20 to N = 100, as typically the number of stars in each DR2 association is higher. Note that later in this work, we investigate the effect of varying the number of nearest neighbours used to generate the case II and case III models (see Section 4.1). For the case IV, V, and VI models, we use values of the medians and standard deviations of the positions and velocities of the DR2 sample to generate the positions and velocity magnitudes of the model associations (see Ward & Kruijssen 2018 for details).
Together, these cases span a wide range of configurations, suitable for comparison to the observed kinematic diagnostics described in this paper. The case I and IV models represent randomised velocity fields with and without the observed positional substructure. The case II and III models represent expansion from multiple points spread throughout each association, with and without elevated radial anisotropy. The case V and VI models represent expansion from a single point at the centre of each association, with and without radial anisotropy.
QUANTIFYING THE KINEMATICS OF OB ASSOCIATIONS
In this work we quantify four key kinematic properties of the OB associations: the ratio between the number of sources moving away from and towards the association centre; the median radial velocity; the median of the radial velocities normalised by the tangential velocities; and the radial anisotropy parameter. Each of these parameters is calculated from the two-dimensional velocity field in the plane of the sky such that the radial velocity component is defined with respect to the association centre and is perpendicular to the line-of-sight direction. In each of the first three diagnostics, associations in a state of expansion are expected to exhibit positive values. For the radial anisotropy parameter, positive values may be expected for a radially-anisotropic expansion (or contraction); however, as shown in Ward & Kruijssen (2018) , a highly chaotic expansion from many originating points may not result in increased levels of radial-anisotropy. Nevertheless, these expanding velocity fields still exhibit increased radial velocities and fractions of stars in outward motions. The cumulative distributions over the observed sample of 109 OB associations for each of these kinematic properties are presented in the first four panels of Fig. 4 . For each association, we calculate these quantities with respect to two different estimates of the association centres: one as the mean position and velocity of all stars in each association (solid black curves) and one using the mean position and velocity of only the OB-type stars in each association (solid red curves). It is assumed that the true centre of mass of a given association will lie between these two centre estimates as one is biased towards the rarest and most massive stars while the other is biased towards the far more numerous low-mass stars. For the most part, the results are insensitive to this choice. The calculated kinematic properties are listed for each observed association in Table A2 . For simplicity, unless otherwise stated, where numbers are quoted within the text, they are drawn from the distributions calculated using the mean position and velocity of all stars in each association.
Positive-negative radial-velocity number ratios
The upper-left panel of Fig. 4 shows the cumulative distribution over all observed OB associations for the ratio of the number of stars moving away from the centre of each association over the number of stars moving toward the centre (both relative to the centre of all stars and relative to the centre of only the OB-type stars). If the associations are undergoing a process of rapid and systematic expansion, it may be expected that the majority of stars should be moving away from the centre of each association and, within a monolithic formation scenario, one may expect this ratio to always be above one. With a median ratio of 1.07, a slight majority of stars do exhibit positive radial velocities in most, but certainly not all, associations. However, the excess in this ratio (with respect to unity) is relatively small and the ratio is less than 1.5 for more than 95% of the associations, with a maximum measured value of 1.90. The ratio is lower than unity in the case of ∼1/3 of the associations with a minimum of 0.43.
The cumulative distributions for each of the model cases are also shown in the upper-left panel of Fig. 4 . In Ward & Kruijssen (2018) , we find that the observed distributions were best fit by randomised velocity fields. However, with the increased numbers of stars present in DR2, the randomised velocity field models (case I and IV) fall extremely close to 1.0 throughout the distribution. The case IV model distribution (randomised positions and velocity fields) falls close to the observed distributions at ratios less than unity, as do the case II and III models that represent expansion from multiple points spread throughout each association. However, beyond this, the observed distributions diverge from the case II and III model distributions towards higher ratios. At no point are the observed distributions consistent with the singular expansion case V and VI models.
Median velocity distributions
The cumulative distributions of the median radial velocities of the observed sample and the model associations are shown in the middle-left panel of Fig. 4 . The two observed distributions diverge (but remain relatively close) in the upper portion of the distribution. This is likely due to the lower number of points determining the centre when using the OB star population compared to the entire sample for each association. As can be expected from the number ratios presented in the previous section, one third of the associations exhibit negative median radial velocities while two thirds exhibit positive median radial velocities. The median of the entire distribution lies at 0.4 km s −1 which while positive, does not immediately suggest a large-scale systematic expansion. Approximately 90% of associations exhibit a median radial velocity of less than 1.5 km s −1 , with a minimum and maximum observed median v r of −6.6 km s −1 and 2.6 km s −1 , respectively. However, only two associations (associations 1 and 105) exhibit median radial velocities lower than −2.6 km s −1 . The case V and VI models that are representative of expansion from a single point at the centre of each association fall furthest from the observed distributions, and are completely inconsistent with the observed sample. The case I and IV distributions, representing randomised velocity fields consistently fall at lower velocities than the observed distributions in the positive radial velocity regime. The case IV distribution, representing models with randomised velocity fields and randomised stellar positions, is consistent with the observed distributions where the median velocity is less than zero (approximately one third of the observed associations).
As in Ward & Kruijssen (2018) , none of the expanding model distributions fall close to the observed distributions across the entirety of the parameter space. However, the case II model distribution (multiple centres of isotropic expansion) is consistent with the observed distribution in the region of 1.0 < v r < 1.3 km s −1 when using the mean position and velocity of all stars in the associations as the centre of each association.
The cumulative distributions of the median values of the radial velocities normalised by the tangential velocities (med[v r /|v t |]) are presented in the middle-right panel of Fig. 4 . The two observed cumulative distributions are consistent with one another within uncertainties. Again, one third of associations exhibit negative radial velocities, with the majority of the associations exhibiting positive values of med(v r /|v t |). The median value is very close to zero (0.06) with minimum and maximum values of −0.78 and 0.42, respectively.
Again, none of the model distributions are completely consistent with the observed distributions but the models representing expansion from a single point (case V and case VI) fall at much higher values of med(v r /|v t |) than the observed distributions and must therefore be ruled out. The case II model distribution (multiple expansions) crosses the observed distributions in the rage 0.10 < v r /|v t | < 0.15. The case III distribution (radiallyanisotropic multiple expansions) is consistent with observations at values greater than 0.18.
Radial anisotropy
Elevated levels of radial anisotropy are a firm prediction of simulations of clusters undergoing gas-expulsion-driven expansion. This is expected to persist over several tens of Myr (Baumgardt & Kroupa 2007) ; covering the entire lifetimes of the most massive stars in OB associations. We define the two-dimensional radial anisotropy parameter as:
This differs from the three-dimensional definition by omitting the factor of 2 in the denominator used to correct the double dimensionality of the tangential component in three dimensions. The cumulative distribution of radial anisotropy parameters is shown in the lower-left panel of Fig. 4 . The majority (> 78%) of observed associations exhibit positive values of β, indicative of radially-anisotropic velocity fields. The median value of radial anisotropy parameter is β = 0.11, which while positive, is very low. Even the maximum measured value (β=0.40) remains low when considering that Baumgardt & Kroupa (2007) predict values of β > 0.5 for expanding clusters after ten crossing times when at least one fifth of the mass is encompassed within the radius considered. Only 6% of associations exhibit anisotropies of β > 0.3.
As for all of the previously discussed parameters, the radiallyanisotropic singular expansion model distribution (case VI) is by far the least consistent with observations, exhibiting considerably more extreme levels of anisotropy than those observed. Therefore, this scenario can be conclusively ruled out as the origin of OB associations. However, it is also clear that none of the model distributions provide a reasonable fit to the observed distributions. The case IV and V model distributions are entirely inconsistent with observations, exhibiting a very different profile, despite crossing the observed distributions at the approximate median. The case I and II distributions fall closer to the observed distributions but, again, simply cross the distributions and are inconsistent with observations. Therefore, while the singularly monolithic expansion scenario is completely ruled out as the dominant means by which OB associations are formed, none of the model cases presented are consistent with the observed kinematic properties of OB associations. In Section 4 we investigate which elements are necessary in order to reproduce the observed cumulative kinematic properties of OB associations.
Radial velocity sorting
Under a monolithic formation scenario for OB associations, stars found furthest from the centre of the association, must necessarily exhibit a higher (more positive) radial velocity. This also holds true within a multiply monolithic model, albeit in that case we can expect a great deal of scatter around the underlying relation. This radial velocity sorting is therefore a key behaviour to look for when investigating the dynamical history and evolution of young clusters and associations.
In Fig. 5 , radial velocity is shown against radius for every star in the sample. There is no correlation between radial velocity and radius over the entire sample. However, it is possible that while no correlation is present in the sample as a whole, correlations may be present within individual associations that are masked by the sheer number of stars shown in Fig. 5 . In Fig. 6 , we present four examples of v r versus radius for individual OB associations selected at random. Similar figures have been produced for every association in the sample, and the randomly selected sample shown here is representative of the range of velocities and radii in the sample as a whole. For individual OB associations, as for the entire sample, no correlation is evident.
We quantify the degree to which correlations between radial velocity and radius are present by calculating the Kendall's τ rankcorrelation coefficient between these quantities for each association in our sample. Kendall's τ is defined as:
where n c is the number of concordant pairs of data (such that within a pair, where R increases, so does v r and vice versa), n d is the number of discordant pairs and N * is the total number of stars in the sample. As such, in the case of perfectly correlated data τ = 1 and in the case of perfectly anti-correlated data τ = −1, with perfectly uncorrelated data yielding τ = 0. The cumulative distribution of τ over all associations is shown in the lower-right panel of Fig.  4 . The median and mean values of τ are both approximately zero, indicating that there is no correlation between radial velocity and radius. The maximum measured value of τ is ∼0.1, indicating that any potential correlations are extremely weak at best. Also shown in the same panel are the cumulative distributions of τ over the randomised velocity field (case I and IV) models. The model cases representing expanding velocity fields (cases II, III, V, and VI) are not shown because developing a relationship between v r and R depends on the evolution of a structure with time. As the expansionlike velocity fields are inserted into the models in an instantaneous fashion, no such relation between radial velocity and radius can be expected. At all values of τ, the observed distribution falls between the case I and case IV model distributions. There is therefore no evidence for radial velocity sorting over the large-scale structure of entire OB associations. Therefore, it seems extremely unlikely that the large-scale structure of stellar associations is arrived at via the expansion of clusters. Note that while dynamical mixing may remove the traces of radial velocity sorting over time, the elevated levels of anisotropy suggest that associations have not yet undergone sufficient mixing to remove traces of expansion events.
IMPROVED MODEL ASSOCIATIONS
We now explore how the model associations used in Section 3 can be improved in order to better describe the observed kinematic properties of OB associations. We begin by varying the number of nearest neighbours that define the centres of expansion from which stars are directed away from in the generation of the case II (multiple centres of expansion) and case III (multiple centres of anisotropic) model associations. Next we investigate the impact of introducing substructure in velocity space in addition to retaining the original positional substructure of the observed associations. Finally, we introduce small-scale expansion events with an age spread into the model associations with substructure in position and velocity space. These new models represent a step towards a more sophisticated interpretation of the available kinematic diagnostics in this work and allow us to investigate the effects of velocity substructure on the bulk kinematic properties of the associations, as well as the influence of small-scale expansions of substructures within associations.
Varying the number of nearest neighbours
It is clear from the derived kinematic properties above that one of the key results of Ward & Kruijssen (2018), i.e. that the veloc-ity fields of nearby OB associations are fully consistent with randomised velocity fields, is not applicable to the Gaia-DR2 sample. Meanwhile, the new observed distributions are completely inconsistent with singularly expanding model cases, but also not consistent with the multiple expansion model cases using 100 nearest neighbours to define the points from which stars are expanding. In order to quantify the effects of changing the nmber of nearest neighbours, we construct grids of case II and case III models. These new case II and III models use the same constant proportion of stars that are forced into expanding motions (33%) and vary the number of nearest neighbours used to determine the local centre from which each of the 'expanding stars'are moving away from. Three model associations are generated for each observed association (109 associations), for each value of nearest neighbours (10 values between 5 and 3200), resulting in 3270 case II and 3270 case III model associations.
In Fig. 7 we present the cumulative distributions for the four kinematic parameters shown in Fig. 4 , this time showing the grid of case II and III models using varying numbers of nearest neighbours to generate the model associations. Also shown is the observed distribution, using the mean position and velocity of all stars in each association to define each association centre. It is clear that a single number of nearest neighbours is insufficient to describe the cumulative distributions of the observed sample as the observed distribution crosses the parameter space of a significant proportion of the models.
The case III models consistently exhibit higher values than the case II models for all values of N neighbours . This is to be expected given that the radially-anisotropic models will always exhibit higher levels of radial motions compared to the case II models. For all four kinematic properties, there is an excess of observed associations with negative radial velocities and radial-anisotropies. While a single model cannot fit the entire observed distribution, it is clear that the case II models are completely unable to reproduce the observed levels of elevated radial anisotropy. Any formation scenario based on the expansion of clusters must therefore include radially-anisotropic expansion.
In order to determine which model (on average) best describes the observations, we take the median of the each model distribution and subtract the median of the observed distribution. This is Figure 6 . Here we show individual v r versus R diagrams for four randomly selected associations (associations 105,99,108, and 38). The lower-left panel uses discrete points for each star due to the low number of stars assigned to association 108 while the other figures make use of hexbins shaded according to density. Note that there is no significant correlation between radial velocity and radius in any of the associations, regardless of radial extent, number of stars, or the presence of velocity substructure. This indicates that these associations could not have been formed by the expansion of compact clusters. then normalised by the standard deviation of the model distribution. This is performed for each number of nearest neighbours and each of the four kinematic parameters (as shown in Fig. 7) and shown against the number of nearest neighbours in Fig. 8 . The curve for case II and β does not appear in Fig. 8 because the median observed value exceeds the median radial anisotropy for case II models of any number of nearest neighbours. The number of nearest neighbours that yields a negligible difference between the medians of the model distribution and observed distribution is estimated by calculating the point at which each curve in Fig. 8 crosses zero. The number of nearest neighbours this results in is presented in Table 1. The number of nearest neighbours for the radial anisotropy parameter and the case II models is omitted as the case II models cannot recreate the observed levels of radial anisotropy. The number of nearest neighbours required to reproduce the median value of β with case III models has not been calculated but must exceed the maximum value used in the grid of 3200.
The case III models consistently require a lower number of nearest neighbours than the case II models to reproduce the median observed value. The median number ratio (N v r >0 /N v r <0 ) is best reproduced with 53 nearest neighbours in the case II models and 34 with the case III models. The median radial velocity parameters re-quire similarly low (41 and 59 for case II, 24 and 37 for case III) values of nearest neighbours, indicating that a large number of local expansion centres is necessary to reproduce the median values of the observed radial velocity distributions. However, it is impossible to reproduce the observed levels of radial anisotropy with multiple non-anisotropic expansions (case II) and the case III models require >3200 nearest neighbours to match the observed median. This is at least two orders of magnitude higher than the number of nearest neighbours needed for the other expansion metrics used here and exceeds the total number of stars in some of the associations. It would be possible to adjust the case III models by increasing the radial anisotropy for each star that is forced into an expanding motion, but this would also necessarily have the effect of increasing the radial velocity. This would therefore decrease the number of nearest neighbours required to best match the observed radial velocity properties, and have little or no effect on the discrepancy between the number of nearest neighbours required to reproduce the various kinematic properties.
The large discrepancy between the number of nearest neighbours required to reproduce the median observed kinematic properties of OB associations suggests that a simple model of multiple, radially-anisotropic expansions is unable to reproduce the kine- matic properties of OB associations. Moreover, the inability of any of these models to reproduce the shape of the observed distributions, or the observed associations with negative median radial velocities indicates that models of this form are not capable of accurately representing the complete kinematic behaviour of stellar associations.
Models with velocity substructure
While we include positional substructure in the class I, II, and III models, stellar associations are also likely to exhibit significant lev-els of substructure in velocity space. Therefore, in this section, we introduce velocity substructure into the case I models that consist of a randomised velocity field and the original stellar positions of the observed OB associations, therefore including any positional substructure present in the observations.
Velocity substructure is introduced into the models by ensuring that stars that lie close together in positional space also exhibit similar velocities. This is done using a grid over two free parameters: the scale over which stars are considered to be nearby to one another, and the number of nearest stars used to form a nearby group. If a star falls within the threshold distance (d threshold ) of (med(model) -med(obs)) / Nv r > 0 / Nv r < 0 case II Nv r > 0 / Nv r < 0 case III vr case II vr case III vr / |vt| case II vr / |vt| case III case II case III Figure 8 . A comparison between the number of nearest neighbours (used to define local centres of expansion) required when generating case II and III models to reproduce the median observed values for each kinematic diagnostic (see Section 4.1). The difference between the median model value and the median observed value, normalised by the standard deviation of each distribution (σ) is shown versus the number of nearest neighbours used to generate the models. Note that the curve for the case II models and β does not appear in the displayed range because the case II models are completely inconsistent with the observed levels of radial anisotropy. The vertical lines mark the number of nearest neighbours where each distribution has a difference of zero. The number of nearest neighbours required to reproduce the median of the observed distribution differs for each diagnostic. In particular, the elevated levels of radial anisotropy cannot be reproduced by the same models that reproduce the observed median radial velocities. This implies that a level of sophistication beyond position substructure with simple localised expansion is required to reproduce the observed kinematics. 
a threshold number of stars (n threshold ), the velocity of that star is modified such that it moves in the mean direction of motion of those n threshold nearest neighbours, plus a 5% level of noise drawn at random from a Gaussian distribution. The threshold number of stars is set as:
where c n is the fraction of the total number of stars to use as the group of nearest stars and N * is the total number of stars in each association. The threshold distance is similarly set as:
where c d is the threshold scale andd is the mean distance between stars in each association. We generate a grid of substructured models using four values of c n (0.01, 0.02, 0.05, 0.10) and five val-ues of c d (0.05, 0.1, 0.2, 0.3, 0.5). Figure 9 shows a normal case I model with a randomised field based on association 2 (left panel), as well as the model with added velocity substructure, obtained as described above (centre panel). Association 2 was chosen as an example because two significant overdensities are clearly visible and the relatively low number of members (1150) assigned to this association allows for the effects of this process to be visible to the naked eye. These models are then analysed in the same manner as the observations and all other model distributions in this work. The resulting cumulative distributions for each combination of c n and c d are shown in grey in Figure 10 , with the total combined cumulative distribution over all of the models in the grid shown in blue. For all parameters except Kendall's τ for v r versus radius, the observed cumulative distributions exhibit a small yet statistically significant excess towards the expanding regime compared to the model distributions, indicating that the inclusion of velocity substructure is not sufficient to explain the observed kinematic properties of OB associations. However, the shape of the total cumulative distribution over all substructured models is much more similar to the observed distributions than in all previous models, suggesting that kinematic substructure is a necessity in order to reproduce the cumulative kinematic properties of the observed associations.
Localised expansion events
While the lack of velocity sorting within OB associations (see Section 3.4) is certainly indicative that the expansion of more compact clusters does not set the overall size of associations, it is certainly likely that some stars within OB associations form in highlyclustered substructures (e.g. Gouliermis 2018) and these substructures may undergo localised expansion events. With that in mind, we produce a new set of models in which a small number of localised expansion events are placed within each of the above substructured model associations. This approach differs from the case II and III models (that also represent localised expansion events) in two key ways. First, these models include substructure in both position and velocity as inherited from the models of Section 4.2, whereas the case II and III models include substructure in positional space only. Second, each localised expansion event in the new models is a discrete event from a specific location and tracked over a period of time, while the case II and III models represent a expansion from an indeterminate number of points spread throughout each association.
The number of clusters assigned to each association is generated at random from a Gaussian distribution. A mean of 5 clusters are injected into each association with a standard deviation of 1 and minimum and maximum numbers of clusters of 2 and 10, respectively. The number of stars that make up this new clustered population are defined as a multiple of the number of stars in the original model, n clust = c frac N * . These additional stars are then distributed evenly between the new clusters. Each cluster is assigned a randomly determined age, again drawn from a Gaussian distribution with a minimum age of zero. Each star is assigned velocity components in both the X and Y directions, drawn from a normal distribution based on the mean and standard deviation of the velocities of the stars in the model association. The final stellar positions of the newly added stars are then calculated using the cluster age, assuming a constant velocity. The addition of these clusters therefore represents a small number of maximally anisotropic expansion events within each substructured model association. We also include the velocity substructure considered in Section 4.2. We generate these new models across a three parameter grid varying the fraction of the number of stars to use to generate clustered population numbers (c frac ), the mean age of clusters, and the standard deviation of cluster age. Five values of the clustered population fraction (0.001, 0.002, 0.005, 0.01, 0.02), six values for the mean age of the clusters in each association (0, 0.5, 1.0, 2.0, 4.0, 8.0 Myr), and six values of the cluster age dispersion (0.05, 0.1, 0.2, 0.5, 1.0, 2.0 Myr) are used. This, in combination with the 6540 models with substructured velocity fields, yields a total grid size of ∼1.2 million model associations spanning 180 combinations of cluster initialisation parameters. All stars within each cluster have the same age. An example of the resulting models is shown in the right-hand panel of Fig. 9 with the newly added expanding clusters marked in red. The mean cluster age used in this example is 0.5 with an age dispersion of 0.1, so the centre of each expansion remains clearly visible.
The resulting cumulative distributions for each of the five measured kinematic properties are shown in Fig. 11 , alongside the observed cumulative distributions for the same quantities (shown as solid black and red curves). The total cumulative distributions over all models included in the grid are shown in blue.
These models, which include both positional substructure and velocity substructure as well as a small number of radiallyanisotropic expansion events, are the first models to remain consistent with observations over the entire distributions for first three parameters examined (the number ratios and median radial velocities). The models depart from the observed distributions relative to the centre of all stars at the most extreme end of the expanding regime of the associations, however, they remain consistent with the cumulative distributions using the mean position and velocity of OB-type stars as the association centres. The most significnat exception to this behaviour is that there is a small (< 0.1) excess in the observed radial-anisotropy parameter distribution relative to the model distributions. For the cumulative distribution of Kendall's τ for v r and radius, the observed distributions exhibit a deficit of radial velocity sorting with respect to the model distributions in the region τ > 0.
Given that the expansions seeded in the associations are al-ready maximally radially-anisotropic, simply increasing the degree of radial-anisotropy of expansions is not possible without also increasing the median radial velocity parameters. It is therefore likely that this excess in radial anisotropy originates from compressive motion, that takes place alongside the localised expansion events. One of the most likely sources of this additional component is the hierarchical merging of individually expanding clusters. Increased radial-anisotropy may also result from tidal disruption (e.g. Kruijssen 2011), or on the larger-scale, galactic shear affecting the kinematics of the original molecular cloud (e.g. Dobbs et al. 2012; Jeffreson & Kruijssen 2018) .
DISCUSSION
We have extended the original study of the kinematics of OB associations in Ward & Kruijssen (2018) from 18 nearby OB associations to over 109 OB associations using the Gaia-DR2 astrometric catalogue in conjunction with the GALOBSTARS catalogue. We determine key kinematic properties of these associations and quantify the degree to which they can be considered to be undergoing expansion in excess of what can be expected from a randomised velocity distribution, and what properties must be considered in order to reproduce observations.
Implications of this work
As in Ward & Kruijssen (2018) , a simple monolithic cluster that subsequently underwent gas-expulsion-driven expansion is firmly ruled out as an origin of the associations examined in this work. However, the kinematic properties of the sample of OB associations analysed here are also found to be inconsistent with randomised velocity fields, unlike the 18 associations of Ward & Kruijssen (2018) . The main source of this apparent discrepancy is the sample size for each association. The associations appeared to exhibit random velocity fields from the DR1 data, because a random velocity field and a highly substructured velocity field are largely indistinguishable when low numbers of stars are examined. However, with the larger sample supplied by Gaia-DR2, randomised velocity fields 0.50 0.75 1.00 1.25 1.50 1.75 2.00 Observed relative to all stars Observed relative to OB stars Substructured models total Substructured models individual Figure 10 . Cumulative distributions of each of the five kinematic parameters for each set of model parameters described in Section 4.2 are shown in the grey dashed lines with the total combined distribution over all of the models with velocity substructure is shown in the blue solid curve. The cumulative distributions of the observed sample of OB associations are shown in the black and red solid lines. Uncertainties in the observed distribution have been omitted for clarity but can be found in Fig. 4 . The ratio N vr >0 /N vr <0 is shown in the upper-left panel, the median radial velocity in the middle-left panel and the median value of radial velocity normalised by tangential velocity in the middle-right panel. The lower-left panel shows the cumulative distributions for the radial anisotropy parameter (β) and the lower-right panel shows the distributions for Kendall's τ measured for radial velocity against radius using the centre of all stars in each association. These new model distributions produce a much broader distribution for each of the kinematic diagnostics than the purely randomised velocity field models of Section 3. This is much more reminiscent of the observed distributions but there remains an observed excess compared to the model distributions in number ratio, median radial-velocities, and radial-anisotropy. This implies that a further level of sophistication (i.e. beyond velocity substructure) needs to be added to the models to reproduce the observed kinematics. Observed relative to all stars Observed relative to OB stars Models with clusters total Models with clusters individual Figure 11 . Cumulative distributions of each of the five kinematic parameters for model associations with substructure in position and velocity space with expanding clusters included. The distributions for each set of expanding cluster parameters as described in Section 4.3 are shown in the grey dashed lines with the total combined distribution over all of the models with velocity substructure is shown in the blue solid curve. The cumulative distributions of the observed sample of OB associations are shown in the black and red solid lines. Uncertainties in the observed distribution have been omitted for clarity but can be found in Fig. 4 . The ratio N vr >0 /N vr <0 is shown in the upper-left panel, the median radial velocity in the middle-left panel and the median value of radial velocity normalised by tangential velocity in the middle-right panel. The lower-left panel shows the cumulative distributions for the radial anisotropy parameter (β) and the lower-right panel shows the distributions for Kendall's τ measured for radial velocity against radius using the centre of all stars in each association. The observed distributions for almost all kinematic diagnostics are well reproduced by models with positional and velocity substructure with the addition of small-scale localised expansion events, with the exception of the radial-anisotropy parameter which is slightly elevated compared with the model associations. Additionally, the models overestimate the degree to which radial-velocity and radius are correlated in the most positive region of the parameter space. Nonetheless, this set of models provides a satisfactory match to the observed kinematics, considering the uncertainties. tend towards median radial velocities and radial-anisotropy parameter values of zero, while substructured velocity fields behave similarly to a smaller sample size due to stars being comoving with their neighbours. Additionally, the improved precision and sample size of Gaia-DR2 has allowed the detection of low levels of expansion within OB associations, likely the result of the expansion of individual substructures within associations.
The majority (2/3) of OB associations exhibit positive median radial velocities with respect to the association centres, defined as the mean position and velocity of all stars within each association. ∼80% of OB associations exhibit elevated levels of radial anisotropy above β = 0. However, none of these associations are consistent with the levels of anisotropy expected from N-body simulations of expanding clusters (Baumgardt & Kroupa 2007) .
The lack of a clear correlation between radial velocity and radius for any of the associations presented in this work suggests that while radial velocities are indeed positive on average for most associations, this expansion has not yet had a significant impact on the large-scale structure of the associations. Rather, the expansion of clusters must impact the small-scale substructure of associations while the size of the association is likely to be set by the scale, structure, and dynamical state of the star forming gas at the onset of star formation. This is consistent with a hierarchical picture of star formation in which stars are formed across a wide variety of environments across a star forming region, rather than a limited number of gravitationally-bound clusters (e.g. Kruijssen 2012; Krumholz & McKee 2019) .
Only with a combination of small-scale localised expansion events, positional substructure and a randomised but substructured velocity field are we able to reproduce the kinematic properties of observed OB associations examined in this work. As demonstrated in Section 4, each of these elements is necessary for reproducing the variety of kinematic diagnostics considered here across the observed population of OB associations. This therefore rules out simplistic models in which OB associations are formed from a single or multiple expansion of previously compact clusters. It also rules out the purely random velocity field models, that were able to describe the Gaia-DR1/TGAS observations. Instead, the Gaia-DR2 data present a much more nuanced picture of OB associations as large scale, highly substructured groups of stars in which some, but by no means all, stars form in compact clusters and groups that undergo small-scale expansion. While the expansion of compact substructures is indeed significant enough to be measured, the largescale structure of associations is set by other processes and is most likely inherited from the structure and kinematics of the molecular cloud from which the stars originally formed. The excess in radial anisotropy detected is indicative that OB associations exhibit collapsing and expanding behaviour simultaneously. This is possibly the result of hierarchical merging of substructures within the associations.
The investigation of Mel'nik & Dambis (2017) of the kinematics of 18 nearby OB associations find that present-day OB associations are gravitationally unbound but find only low levels of expansion. This is entirely consistent with Ward & Kruijssen (2018) in which we found that the low levels of expansion of OB associations are consistent with randomised velocity fields with the presence of positional substructure. We show in this work that with Gaia-DR2, OB associations typically exhibit low levels of expansion and radial-anisotropy in excess of what would be expected from randomised velocity fields.
The recent work of Kuhn et al. (2019) focussed on young stellar objects with ages 1-5Myr in 28 clusters and associations using Gaia-DR2. They find that the majority (75%) of structures are apparently expanding with a medial expansion velocity of 0.4 km s −1 . This is entirely consistent with the results of this study, matching the median value of our distribution of median radial velocities (0.4 km s −1 , see Section 3). Kuhn et al. (2019) also find that in NGC 6530, expansion velocity is correlated with radius; however, there is significant scatter in this relation and it is the only stellar group that exhibits a statistically significant relation between radial velocity and radius. Crucially, in this work we demonstrate that the expansion signatures identified by Kuhn et al. (2019) are entirely consistent with a hierarchical view of star formation in which OB associations are formed in-situ without the requirement for gasexpulsion-driven expansion, and that the expansions on the scale of association substructures are detectable in the bulk properties of the associations (see Fig. 11 ) but do not affect the large-scale structure of the associations (see Fig. 6 and Fig. 11 ).
This, in combination with the lack of a relation between radial velocity and radius for the vast majority of observed OB association across Gaia-DR2 studies, and the implied insignificance of global expansion, is in agreement with the detailed studies of the OB associations Cygnus OB2 (Wright et al. 2014 (Wright et al. , 2015 (Wright et al. , 2016 and Sco Cen (Wright & Mamajek 2018 ) that establish that these associations exhibit significant substructure and have undergone little dynamical evolution. Our results are also consistent with the findings of Cantat-Gaudin et al. (2018) , showing that the expansion of Vela OB2 began before the stars were formed and therefore must be a relic of the initial gas dynamics rather than gas-expulsion-driven expansion. Together, these works create a picture in which it is the fractal structure and complex dynamics of the interstellar medium that drives the evolution of stellar structure rather than monolithic gas-expulsion-driven expansion events.
Caveats and limitations
We use the distance estimates derived by Bailer-Jones et al. (2018) . These are based only on the parallaxes from Gaia-DR2. As such, it is likely that for many stars in our sample, more precise determinations of distance could be made with the inclusion of additional ancillary data. It is also possible that this approach may include unknown systematic effects, especially as the Gaia parallaxes may have significant dependencies on colour. Indeed, the fact that a small number of the most distant associations appear to exhibit very high distance dispersions compared to the majority of the sample would suggest that these are likely to be unresolved along the line of sight. However, variations in distance estimates would primarily manifest as increased dispersions in both position and velocity (which we do not rely on for the analysis presented) rather than a bias against finding gas-expulsion-driven expansion-like velocity fields. While changes in distance can alter the absolute velocities derived, it does not change the direction of motion and therefore the radial velocities are the only properties we investigate that may be significantly affected. We also note that the models that we compare the observations to are built using the observed velocity dispersions. This makes the comparison entirely insensitive to distance uncertainties. Moreover, the Bailer-Jones et al. (2018) catalogue of distances offers the largest all-sky catalogue of homogeneously derived distances to date, and as such remains the most suitable source of distances for this study.
Throughout this study, we assume that the high mass OB stars and the lower mass stars within each association share a common centre of mass. Recent work by Armstrong et al. (2018) has shown that this may not be the case in all associations. However, as shown in Fig. 4 , the choice between defining the centre of an OB association based on the positions and velocities of all stars versus only using the most massive stars in each association has little effect on the measured kinematic properties, except in the most extreme cases.
We make no attempt to measure or assess the gravitationalboundedness of any of the OB associations studied in this work. It is therefore possible that some of the groupings of stars that we have designated associations are in fact gravitationally-bound stellar clusters, and therefore there would be no expectation of systematic expansion in these sources. However, given the range of sizes and morphologies of associations visited with this work (see Table A1 ), it is unlikely that gravitationally-bound structures form a significant proportion of our sample.
Importantly the results of this study are limited to the origin of gravitationally-unbound associations. Many stars do form in gravitationally-bound clusters but we do not quantify the cluster formation efficiency in this work (see e.g. Kruijssen 2012; Adamo et al. 2015; Johnson et al. 2016) . Moreover, it is worth pointing out that associations can and will dissolve into the Galactic field over time; however, this does not resemble what would be expected from gas-expulsion-driven expansion. Rather, it seems likely that the dissolution of associations is driven by the combination of ballistic dispersal and galactic shear.
CONCLUSIONS
In this work, we investigate the kinematic properties of a large number of independently selected OB associations. Using the OPTICS clustering algorithm, we select 109 likely OB associations from a large sample of OB stars within the Milky Way.
In contrast to Ward & Kruijssen (2018) , we find that the majority of observed associations exhibit velocity fields that are inconsistent with random velocity fields. Rather than randomised velocity fields, we conclude the velocity fields are highly substructured, an effect that was not readily distinguishable from randomised velocity fields in the TGAS data due to an insufficient number of stars. This limitation is conclusively overcome by the greatly enhanced statistics in Gaia-DR2. In addition, a small expanding component is necessary to reproduce the observed kinematic properties of OB associations. However, the lack of any strong correlation between radial velocity and radius indicates that these expansion do not set the overall size or the large-scale structure of the associations.
While many stars form in gravitationally-bound clusters, and some clusters likely do undergo a well ordered expansion, our results show that OB associations do not form through the expansion of clusters. Localised expansion of individual substructures within associations does appear to be an important component of the kinematic properties of associations. However, this expansion is not the primary driver of their large-scale structural evolution. Therefore, our results are far more consistent with a scale-free, hierarchical picture of star formation, in which stars are formed across a continuous density distribution throughout molecular clouds, rather than exclusively within clusters, and in which OB associations are formed in-situ as relatively large-scale and gravitationally-unbound structures.
Our results falsify the picture that most stars form in clusters, of which a large fraction is subsequently unbound by gasexpulsion-driven expansion. Historically, this idea was largely motivated by N-body simulations treating gas expulsion with a modified gravitational potential term. Recent simulations with a self-consistent treatment of hydrodynamics have shown that the star formation efficiency peaks within dense clusters, rendering gas expulsion-driven expansion ineffective. This requires OB associations to have formed in-situ, with a high degree of substructure expected to trace the position-velocity structure of the gas from which the stars formed. Our analysis of the Gaia-DR2 data unambiguously favours this interpretation (e.g. Kruijssen 2012; Krumholz & McKee 2019) .
Finally, we conclude that in order to reproduce the bulk kinematic properties of OB associations, the presence of substructure (both in position and velocity space) must be taken into account. Even with these features taken into account, there remains a small, and unaccounted for excess in the radial-anisotropy of the velocity field. This could be the result of hierarchical merging of substructures within associations, or external forces such as tidal encounters.
The origin and dynamical evolution of associations is a complex problem with no single one-size-fits-all solution. The reason for this is clear: the gas from which stars are formed is itself a complex dynamical system (e.g. Henshaw et al. 2019). The molecular clouds from which stars, clusters, and associations are formed are supersonically turbulent, as well as subject to tidal forces, galactic shear, spiral arm interactions, cloud-cloud collisions, and external stellar feedback (e.g. supernovae) before and during the onset of star formation, leading to a wide range of kinematic properties. These are irreproducible by a simple monolithic model of star formation. Future work linking Gaia data to sub-mm observations of nearby star-forming regions will enable a better understanding the strong link between the interstellar medium and young stellar associations. Table A1 . Table of association positions and sizes. We list here the OB associations identified in Section 2 by their arbitrarily assigned association numbers. In column 2, we list the OB association from the catalogue of Mel'Nik & Dambis (2009) that represents the most likely association that meets the criteria that the association falls within 1σ (as measured in this study) of the literature position in the plane of the sky and within 3σ of the literature distance. Note that these association names are only given as a guide for the reader, and they do not influence this work in any way. The number of stars in each association is listed in the third column, followed by the positions in the plane of the sky are listed in columns 4 and 5. Column 6 lists the average distance to the selected members of each association. The standard deviations in distance, physical position in the tangential plane at the listed coordinates, and velocities in that plane are shown in the last five columns Assoc. no. Assoc. Name Table A2 . Table listing the derived kinematic properties of each OB association in our sample of 109. From left to right: ratio between the number of stars moving outwards over the number of stars moving inwards, median radial velocity, median value of the radial velocity normalised by the magnitude of the tangential velocity, radial anisotropy parameter β. Values are given using the mean position and velocity of all stars as the association centre and the mean position and velocity of OB stars as the association centre, as indicated in the top row.
all stars OB stars Assoc. no. N vr /N vt v r v r / |v t | β N vr /N vt v r v r / |v t | β 1 0.42 -6.63 ± 0.17 -0.822 ± 0.032 -0.112 ± -0.023 0.39 -3.63 ± 0.11 -0.657 ± 0.020 -0.295 ± -0.051 2 1.12 0.62 ± 0.24 0.088 ± 0.041 0.015 ± 0.001 0.90 -0.86 ± 0.02 -0.077 ± 0.003 0.007 ± 0.000 0.91 -0.80 ± 0.02 -0.070 ± 0.003 0.006 ± 0.000 20 1.00 -0.01 ± 0.10 -0.002 ± 0.017 -0.014 ± 0.000 1.02 0.11 ± 0.10 0.016 ± 0.017 0.037 ± 0.001 21 0.93 -0.38 ± 0.10 -0.060 ± 0.018 -0.027 ± -0.001 0.94 -0.24 ± 0.10 -0.039 ± 0.018 -0.034 ± -0.001 22 1.21 2.13 ± 0.07 0.145 ± 0.005 -0.064 ± -0.001 1.23 2.55 ± 0.07 0.172 ± 0.005 -0.067 ± -0.001 23 1.11 0.61 ± 0.06 0.082 ± 0.010 0.041 ± 0.000 1.12 0.66 ± 0.06 0.085 ± 0.010 0.040 ± 0.000 24 1.07 0.29 ± 0.03 0.053 ± 0.007 0.063 ± 0.000 1.09 0.38 ± 0.03 0.069 ± 0.008 0.109 ± 0.001 25 1.00 0.03 ± 0.01 0.004 ± 0.002 0.116 ± 0.000 1.05 0.33 ± 0.02 0.038 ± 0.002 0.102 ± 0.000 26 0.79 -1.02 ± 0.09 -0.209 ± 0.026 0.090 ± 0.002 0.78 -0.93 ± 0.09 -0.187 ± 0.024 0.064 ± 0.002 27 0.94 -0.55 ± 0.03 -0.052 ± 0.004 -0.047 ± 0.000 0.86 -1.33 ± 0.04 -0.119 ± 0.004 -0.031 ± 0.000 28 0.97 -0.30 ± 0.03 -0.026 ± 0.003 0.103 ± 0.001 0.97 -0.29 ± 0.03 -0.022 ± 0.003 0.084 ± 0.000 29 1.17 1.10 ± 0.06 0.131 ± 0.008 -0.007 ± 0.000 1.19 1.22 ± 0.06 0.142 ± 0.008 -0.005 ± 0.000 30 1.12 0.88 ± 0.05 0.101 ± 0.007 0.118 ± 0.001 1.12 0.90 ± 0.05 0.093 ± 0.006 0.108 ± 0.001 31 1.33 1.50 ± 0.14 0.254 ± 0.027 0.164 ± 0.005 1.34 1.51 ± 0.14 0.260 ± 0.027 0.166 ± 0.005 32 1.15 1.17 ± 0.14 0.144 ± 0.019 0.289 ± 0.006 1.40 2.65 ± 0.14 0.338 ± 0.020 0.309 ± 0.006 33 1.15 0.85 ± 0.06 0.126 ± 0.011 0.195 ± 0.002 1.13 0.87 ± 0.07 0.117 ± 0.011 0.191 ± 0.002 34 0.90 -0.52 ± 0.07 -0.078 ± 0.014 0.186 ± 0.003 0.97 -0.19 ± 0.08 -0.030 ± 0.015 0.195 ± 0.003 35 1.04 0.39 ± 0.04 0.036 ± 0.004 0.207 ± 0.001 1.00 0.00 ± 0.04 0.000 ± 0.004 0.186 ± 0.001 36 1.16 0.54 ± 0.05 0.113 ± 0.012 -0.228 ± -0.004 1.23 0.82 ± 0.05 0.149 ± 0.013 -0.225 ± -0.004 37 0.81 -1.44 ± 0.03 -0.149 ± 0.003 -0.145 ± -0.001 0.82 -1.24 ± 0.03 -0.140 ± 0.003 -0.196 ± -0.001 38 0.95 -0.26 ± 0.01 -0.047 ± 0.002 0.102 ± 0.000 1.06 0.37 ± 0.01 0.038 ± 0.001 -0.237 ± -0.001 39 1.17 0.96 ± 0.04 0.126 ± 0.007 0.035 ± 0.000 1.27 1.52 ± 0.04 0.196 ± 0.007 0.068 ± 0.000 40 1.00 -0.01 ± 0.11 -0.002 ± 0.014 0.016 ± 0.000 1.13 0.97 ± 0.12 0.103 ± 0.015 0.090 ± 0.002 41 0.95 -0.26 ± 0.03 -0.035 ± 0.005 -0.142 ± -0.001 0.95 -0.29 ± 0.03 -0.038 ± 0.005 -0.253 ± -0.002 42 0.95 -0.53 ± 0.02 -0.050 ± 0.002 0.367 ± 0.001 0.97 -0.30 ± 0.02 -0.026 ± 0.002 0.361 ± 0.001 43 0.89 -0.65 ± 0.15 -0.097 ± 0.029 0.235 ± 0.008 0.59 -4.36 ± 0.19 -0.508 ± 0.030 0.250 ± 0.007 44 0.96 -0.28 ± 0.06 -0.033 ± 0.009 0.089 ± 0.001 0.97 -0.21 ± 0.07 -0.021 ± 0.008 0.027 ± 0.000 45 1.00 -0.01 ± 0.04 -0.001 ± 0.004 0.087 ± 0.000 0.88 -1.26 ± 0.04 -0.105 ± 0.004 0.102 ± 0.001 46 1.05 0.34 ± 0.05 0.045 ± 0.008 0.241 ± 0.002 1.07 0.49 ± 0.05 0.064 ± 0.008 0.249 ± 0.002 47 1.00 -0.02 ± 0.06 -0.004 ± 0.010 0.108 ± 0.001 0.95 -0.27 ± 0.06 -0.039 ± 0.009 0.082 ± 0.001 48 1.00 -0.01 ± 0.02 0.000 ± 0.002 0.159 ± 0.000 0.91 -0.99 ± 0.02 -0.081 ± 0.002 0.186 ± 0.000 49 0.82 -1.82 ± 0.04 -0.168 ± 0.004 0.048 ± 0.000 0.93 -0.81 ± 0.04 -0.060 ± 0.004 0.043 ± 0.000 50 1.09 0.46 ± 0.05 0.070 ± 0.008 0.025 ± 0.000 1.10 0.58 ± 0.05 0.074 ± 0.008 0.035 ± 0.000 51 1.02 0.08 ± 0.07 0.013 ± 0.013 -0.055 ± -0.001 1.07 0.43 ± 0.08 0.055 ± 0.013 0.032 ± 0.000 52 1.62 1.07 ± 0.14 0.400 ± 0.058 -0.032 ± -0.003 0.95 -0.13 ± 0.18 -0.029 ± 0.046 -0.106 ± -0.010 53 1.07 0.76 ± 0.21 0.064 ± 0.021 0.284 ± 0.007 1.09 0.89 ± 0.20 0.079 ± 0.022 0.264 ± 0.007 54 1.15 1.33 ± 0.16 0.121 ± 0.017 0.162 ± 0.003 1.12 1.27 ± 0.19 0.113 ± 0.019 0.291 ± 0.005 55 0.88 -0.85 ± 0.07 -0.094 ± 0.008 -0.061 ± -0.001 0.86 -0.99 ± 0.07 -0.112 ± 0.009 -0.041 ± 0.000 
